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Abstract: <span>We apply the effective field theory approach to

guasi-single field inflation, which contains an additional scalar field with

Hubbl e scale mass other than inflaton.& nbsp;

Based on the time-dependent spatial diffeomorphism, which is not broken

by the time-dependent background evolution, the most generic action of
guasi-single field inflation is constructed up to third order

fluctuations.& nbsp; Using the obtained action,

the effects of the additional massive scalar field on the primordial curvature
perturbations are discussed.& nbsp; In

particular, we calculate the power spectrum and discuss the momentum-dependence
of three point functions in the squeezed limit for general settings of

guasi-single field inflation.& nbsp; Our

framework can be also applied to inflation models with heavy particles. We make
aqualitative discussion on the effects of heavy particles during inflation and

that of sharp turning trajectory in our framework.</span>
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Inflation

Inflation can naturally solve the problems of

the standard big bang cosmology.

® The horizon problem
® The flatness problem
® The origin of density fluctuations

® The monopole problem
o
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General prediction of inflation

® Spatially flat universe

® Almost scale invariant, adiabatic, and
Gaussian primordial density fluctuations
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General predictions of inflation

Angular scols (deg)

® Spatially flat universe oor ® ek S
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® Almost scale invariant,
adiabatic, and Gaussian
primordial density

TE correlation

fluctuations "IN
Causal seed models Mlmﬁc) |
Inflation models WMAPI

There are still rooms for [fNL| = O(10) and O(1)% isocurvature perturbations.
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Classification of inflation
® Single field inflation :

Scalar field ¢ €==2 curvature perturbation ¢
(mg¢ << H) (adiabatic mode)

® Multiple field inflation :

Scalar fields ¢i €==» curvature perturbation ¢
(mg¢i << H) (adiabatic mode)
+ isocurvature perturbations Sij

A number of effectively massless (m << H) fields is important.

Is this kind of classification sufficient ?
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Natural Hubble mass in supergravity

In supergravity,
V <0 =) SUSY breaking
(inflation)
(mediated by gmvity)@

: D . 5
soft breaking masses : 1, ~ \V (¢ ~ H~

In supergravity, a situation naturally happens, in which there is
only a light field and the masses of other fields are comparable to
the Hubble parameter.

(Note also that a non-minimal coupling R ¢ 2 leads to m ~ H)

This model is called quasi-single field inflation

(Chen & Wang 2009)
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Effects of 1socurvaton ¢ with m ~ H

Since m ~ H, the isocurvaton O can contribute to
the curvature perturbation around the horizon exit.

Adiabatic mode [socurvaton
g mixing
0¢p 5 o
Tr —_— _— ﬂ ---------- 3 l.
b x 0 3 coupling
(f Tl (T ( p !"I)
® modify powerspectrum : ® generate large bispectrum :

We would like to investigate this kind of feature in more detail.
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Original model of quasi-single field inflation

(Chen & Wang 2009)

: 1 , e : :
ofi e — / d“.r\/—y[ = 2(1.’ + 0)2gH 00,0 — 2_;/” Ouodyo — Vsr(0) — V(o)) .

Background (homogeneous) EONIs :
B0
3Mp H? = 213203 L L
R%Hg + 3R%Hép + VZ.(8) = 0.

f

= COonsi 0. V(ocnh = 0) = RO,

(Credit: Chen & Wang)

0 = 0 is the minimum of the effective potential :

7.
04

> (R+0)°+ V(o)

Veff = —

Centrifugal force caused by the turning angular velocity

Due to the centrifugal force, 0 (= 0 is not a minimum of the original potential V.
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Two ditferent approaches to inflation

® Consider a model with a particular type of potential and
Kinetic term, which is well motivated by particle physics.

® Consider a quite generic action permitted by
the symmetry preserved during inflation, that is,
a time-dependent spatial diffeomorphism invariance.
Inflation spontaneously breaks time diffeomorphism inv.
(Effective field theory of inflation)

(Cheung et al. 2008)

Two approaches are complementary.
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Ettective field theory of inflation
(Single-field case)
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Basic 1dea of effective field theoryv inflation

-

(Cheung et al. 2008)

Inflation must end to be followed by hot big bang Universe.
¢(t) = 0.
spontaneously breaks time diffeomorphism inv.

Time-dependent spatial diffeo is unbroken.
c i !
0T =ell. T

1 114

In the low energy effective theory, any term
respecting the unbroken symmetry is allowed.

We can investigate the properties of perturbations generated
during inflation without resort to a particular Lagrangian.

Pirsa: 13030096 Page 16/61



Unitary(Comoving) gauge (single field case)
t
Unitary(Comoving) gauge : e 7

;xl

Time slice (t = const. hypersurface) coincides with
@ = const. hypersurface.

= ot x) = po(t) + IpfT) .
i> The scalar field perturbation is eaten by the metric.
I:> The graviton (metric) has three degree of freedom:

Curvature perturbation ¢

Tensor perturbations 7 ij
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Expanding around FLRW background

Fluctuations around FLRW background:

5590 = g% 4 1.

OKuw = Kuy — Hhyuy,

: 2 2 : 2 0 50

dRuvpo = Ruvpo — 2(H* 4+ k/a )h“[“]h‘,],, + (H 4+ H<)(hupd o5 + (3 perms)).

kinetic(g"? dot{ ¢ }?) & potential energy
of the background scalar field

® (th and Ist order in fluctuations:

(O0)4+(1) 4 / 1 2 00 |
:> S L) — /r/ 110N g ._}‘\/i]/l (’(/).{/ /\(f) .

(Terms such as 9°4°° k. R can be absorbed into
the above terms by integration by parts)
12 IT<
3MGH< = c(t) + A(t),
HM?2 = —c(t).

Tariati ' e 00 Q- oij
Variation w.r.t. g"% & oV
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Expanding around FLRW background

Fluctuations around FLRW background:

5990 = g% 4 1.

OKuw = Kuy — Hhyuy,

: 2 2 : 2 0 50

dRuvpec = Ruvpe — 2(H< + k/a )h“[“]h‘,],, + (H + H<)(hupd, 05 + (3 perms)).

kinetic(g"? dot{ ¢ }?) & potential energy
of the background scalar field

® (th and 1st order in fluctuations:

(U)={E18) 4 : 1 2 00
:> o) ' R /r/ .I'\ ‘f] )\/;)_|/l #(/){/ /\(f)

(Terms such as 9°4°° k. R can be absorbed into
the above terms by integration by parts)

3MZH? = c(t) + A(t),

Variation w.r.t. g0 & gii
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Action In unitary gauge (single field case)
Any quantities respecting the time-dependent diffeo. inv.
® 4-dim scalar
® generic function of ¢, (t)
® ),t =, inunitary gauge, which allows
any tensor with 0 upper index (g, R%, ...)

. . 7 e a p
® Extrinsic curvature : Ky = h;Vony.
(All covariant derivatives of ng can be written using K » » and derivatives of g')
Oyt .
bl s unit vector orthogonal to t =const.
\ — ity

hpuvy = guv + nuny @ projection tensor to t =const.

Note that @R, ;.5 = hWhhEhS Ruvpe — Kar K35 + K 32 K o5 (3)R is redundant.

:> q — / ,/';,f-\ ;//"(_r/‘; : s Juu /\ Ruvoo. '\— f\’-f"- t)

(all indices are contracted)
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Expanding around FLRW background

Fluctuations around FLRW background:

550 = g% 4 1.

K = Kuy — Hhyuy,

: 2 2 : 2 0 50

()[?“pl)(r — Ii’,‘”’l’” =2 2(11 + [l'/” )h“[”]h”]w + (II + ]! )(h[“f’hl’(‘” _+_ (3 DeI'ITIS))

kinetic(g"? dot{ ¢ }?) & potential energy
® (th and 1st order in fluctuations: of the background scalar field

(0)4(1) oA / ] ? 00 |
mm) 5Ot = [dtay=g|ZMZR - c(t)g%° — A(t)|.

(Terms such as 9°,°° k. R can be absorbed into
the above terms by integration by parts)

3MZH? = c(t) + A(t),

Tariati ' e 00 Q- oij
Variation w.r.t. g" & oV
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Expanding around FLRW background

Fluctuations around FLRW background:

5490 = g% 4 1.
OKuw = Kuy — Hhyuy,
§Ruvpoc = Ruvps — 2(H? + 1.-/”3)/;1,[,,]@,],, + (H + H?)(hup0960 4+ (3 perms)).

kinetic(g"? dot{ ¢ }?) & potential energy
of the background scalar field

® (th and Ist order in fluctuations:

Q) } (18 ‘ 4 1 2 00 &
:> o E— /r/ .I'\ ‘f] )\/:_’|/l #(/){/ /\(f) i

(Terms such as 9°4°° k. R can be absorbed into
the above terms by integration by parts)

3MZH? = c(t) + A(t),

Variation w.r.t. g0 & oii
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Expanding around FLRW background

Fluctuations around FLRW background:

590 = g% 4 1.

0Ky = Kuy — Hhyuy,

, 2 2 - 2 0 50

("[\)“;;I)(r — Ii’}”’;}(‘)’ _ 2(11 + [l'/” )h“[”]h”]w + (11 + ]! )(h[“f’hl’n” _+_ (3 Del’lTIS))

kinetic(g"? dot{ ¢ }?) & potential energy
of the background scalar field

® (th and Ist order in fluctuations:

(0)4(1) A / 1 ) 00 |
:> he - /r/ €T g ._}‘\/;1/1 ('(/)f/ /\(f) ,

Terms such as 9°,°° g+ RO can be absorbed into
] H
the above terms by integration by parts)

3MZH? = c(t) + A(t),

Variation w.r.t. g0 & gii
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Expanding around FLRW background

Fluctuations around FLRW background:

550 = g% 4 1.

0Ky = Kuy — Hhyuy,

: 2 2 : 2 0 50

dRuvpo = Ruvpo — 2(H* + k/a )h“[“]h‘,],, + (H 4+ H<)(hupd, 05 + (3 perms)).

kinetic(g"? dot{ ¢ }?) & potential energy
of the background scalar field

® (th and Ist order in fluctuations:

(0)4(1) A ' 1 ? 00 |
) - 1) = /,/ vv/=g |[=M3R — c(t)g A(t)] .

Terms such as 9°,°° K+ RrC can be absorbed into
.] ![
the above terms by integration by parts)

3MZH? = c(t) + A(t),

Tariati ' e 00 Q- oij
Variation w.r.t. g" & oV
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Expanding around FLRW background

Fluctuations around FLRW background:

§5q°0 = yoo 41,

0Ky = Kuy — Hhyy,

- 2 .. : 2 050

dRuvpo = Ruvpo — 2(H< + k/a )h“[,,]h‘,],, + (H 4+ H*)(hupd, 05 + (3 perms)).

kinetic(g"? dot{ ¢ }?) & potential energy
® (th and Ist order in fluctuations: of the background scalar field

) - 1) — /,/ vv/—g |=MZR — c(t)g MM

(Terms such as 9°4°° k. R can be absorbed into
the above terms by integration by parts)

3MZH? = c(t) + A(t),

Variation w.r.t. g & gii

J
|
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Expanding around FLRW background 11

S = / d*z\/—g Emg,n + M2 F(t)g%° — M3(3H2(t) 4 H(t))

+F(2)+(3)+"' ((5.‘}00. OK v, 0 Rpwpo, 58- Juv, i Vi, t” '

(DY (2 1 : LYo 1 - )
FFTET = —M2(t) (69°°)° + ZM3(t) (64°°)

L -t -

- B A 1ﬁ P ey l'? v T s
+ AT (t)dg s Kl + SAS(E)OKL Ky + SA3(8)0KU K, + -

N

P i

This is the most general action in unitary gauge (V¢(t.x) = 0),
which satisfies the time-dependent spatial diffeo. invariance.

Note, however, that time diffeo. :
t —t=1t4 &%), € —> @ is broken.
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Expanding around FLRW background 11

. 1 ) g
S = / d*z\/—g hmg,n + M3 H(t)g%° — M5 (3H?(t) + H(t))
+F(2)+(3)+"' ((5.‘}00. OK v, 0 Rpwpo, 58- Juv, g, Vu, t” '

YL (2) 4 1 . . DO\ 2 1 7 e
/‘-[., .“+‘{ 3)1:- — j\/z\}(/) [r)r/[h)) + )‘\}r:;l(f) t.”.‘ill(].]

-~

1 2 . (} o » 1 1 > B -7 -y 1 3 - =11 »)
+ ,3,\‘{(;‘):\;;”‘ «!/\;‘, + ’),\:n(f)h/\;, K, + - \E(ﬂ‘)-‘/\fﬁ /\f'l, + ..

i . i

This is the most general action in unitary gauge (V¢(t.x) = 0),
which satisfies the time-dependent spatial diffeo. invariance.

Note, however, that time diffeo. :
t—t=1t+ 50(;1:). x — @& 1s broken.
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Stuckelberg trick

In order to (apparently) recover broken time diffeo. :
t —t=t+%), z — &,

we introduce the Stuckelberg field 7, which corresponds
to the Goldstone boson and transforms as

i = O
m(z) — 7(Z(2)) = w(x) — £ ().
:> t+ 7T (X) is invariant under this time diffeo.
We have only to make the following replacements :

f(t) — f(t + ),

60 — Ou(t + m) = 00(1 + 7) + 8,0,
Lot ) O T g . ‘
”OO N ”Hr ()_t‘) (_)__fﬂ_)_ =(1+ 71')2!]00 +2(1 + rr)go’i),-rr + .“/}'IU:WU;'W-
orr o&x .
o . O+

= (1+ fr)_qo'” + ¢ o,

g —4

daH
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Stuckelberg trick

In order to (apparently) recover broken time diffeo. :
t —t=t+ %), z — &,

we introduce the Stuckelberg field 7, which corresponds
to the Goldstone boson and transforms as

2 DY g O
m(z) — 7(Z(2)) = w(x) — £ ().
:> t+ 7 (x)is invariant under this time diffeo.
We have only to make the following replacements :

f(t) — f(t + ),

52— Ot + ) = 6201 + 7) + dhorm.
O +m)o(t+m : - ‘
g0 g (.)t___). E)“LI_) = (1 + 7)?%¢°° 4+ 2(1 + 7)g% ;% + g0, mo;m,
oxrr ox :
il ‘ m,(’)(f + )

= (1 + 7)g° + " o;m,

g —79

daH

Pirsa: 13030096 Page 33/61



Expanding around FLRW background 11

'  § > )
S = / d*z\/—g bwg,ﬁ + M3 H(t)g%° — M5 (3H?(t) + H(t))

+F(2)+(3)+"' ((5.‘}00. OK v, 0 Ruwpo, 58- Juv, 'l Vi, t” '

5N L 7T ] (T . 00\ 2 1 " .
FATET = =M3(t) (09°°)" + M3(t) (69°°)

2 2

1 . Ucr~ 1t 1 5 =y -l 77V l,a o 7d 8 7d
+ A1(t)dg° K + “AS(t)OKfIKY + “A3(t)OKEK) + -+ -

- . e

This is the most general action in unitary gauge (V¢(t.x) = 0),
which satisfies the time-dependent spatial diffeo. invariance.

Note, however, that time diffeo. :
t—t=1t+ EO(;I:). x — & 1s broken.
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Mixing terms

S = /,f‘*.,-\/—,,{Q.-ug,n - M3 [3111’(1 + 7))+ H(t + n)}
+MZH(t + ) [(1 4 7)%¢%° + 2(1 + 7)g%0im + ¢ 0;m0;7]
+2,-u§(r + 7) [(1 + 7)2¢%° + 2(1 + #)g%oir + g om0 + 1}

2

1 : . O - 3
—|—3'.\I§’(! + 7) {(1 + )20 4+ 2(1 + 7)g% 0,7 + g om0 + 1] o } .
(71= 0 recovers the action in unitary gauge)

Mixing terms between 7T & g have fewer derivatives :

e.g M3H (14 7)%¢°° 5 MGH (-7 + 2759°°)
Canonical normalization = 2 1 2 S v OO
(e ~ Mpy( “)1,.‘2:‘ ','”:JU i l”mnlm} ':> —'T['(. —I— 26 / HW(()L(](

The Goldstone boson 7T decouples from graviton g

at the energy scale E >> Emix= € 2 H.

E >> Emix €= £ <<1 (inflation)
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Mixing terms

S = / 114.,-\/—,;{2.113,1.’ - M3 [3113(1 + 7))+ H(t + n)}
+MZH(t + 7) [(1 4 7)%¢%° + 2(1 + 7)g%0im + "1 0;m0;7]
1
+2,-u§(r + 1) [(1 + 7)2¢%° + 2(1 + #)g%oir + g om0 + 1}

2

1 ; : : : 3
—|—3'.\I§(! +7) [(1 4 7)29%° + 2(1 + 7)g% 0,7 + gUo;mo;m + 1| + - } .
(71= 0 recovers the action in unitary gauge)

Mixing terms between T & g have fewer derivatives :

e.g MZH-(1+ 7)%g%° 5 MZH (-2 + 2709°°)

Canonical normalization :> . 2 1/2 2 % OO
(me ~ Mp( “)1__2:‘ '.'!LHUN M1500 _ﬂ—(. —I_ 26 HW(()L(](

pl )

The Goldstone boson 7T decouples from graviton g

at the energy scale E >> Emix= € 2 H.

E >> Emix €= £ <<1 (inflation)
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Mixing terms

S = / 114.,-\/—,,{2.113,1.’ - M3 [3112(1 + 7))+ H(t + n)}
+MZH(t + 7) [(1 4 7)%¢%° + 2(1 + 7)g%0im + " 0;m0;7]
]_ .
+2,-1124(r + 1) [(1 + 7)2¢%° + 2(1 + #)g%0ir + g om0 + 1}

2

1 : : : : 3
—|—3'.\I§(! + 7) {(1 + )20 4+ 2(1 + 7)g% 0,7 + g om0 + 1] o } .
(71= 0 recovers the action in unitary gauge)

Mixing terms between T & g have fewer derivatives :

e.g MZH (14 7)%g%° 5 MGH (-7 + 2759°°)
Canonical normalization . 2 1 2 e N OO
(e ~ Moy (— E) /2, 5420 m Moyd ) ) 7 4 2¢ / Hmeog,

The Goldstone boson 7T decouples from graviton g

at the cnergy scale E >> Enix= & 1/2 H.

E >> Emix €= &£ <<1 (inflation)
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Mixing terms

S = _/}f‘*.,-\/—y{;x;g,n - M3 [3112(1 + 7))+ H(t + n)}
+MZH(t + 7) [(1 4 7)%¢%° + 2(1 + 7)g% 07 + " 0;m0;7]
+;x1§(r +m) [(1 4 7)%9% + 2(1 + 7)g% 9w + g O;m0;m + 1]

2

1 : : : : 3
+5 M3 (t+ ) (1 4+ 7)2¢%° + 2(1 + 7)g% Oy + gYOmojm + 1|7 + - } .
(71= 0 recovers the action in unitary gauge)

Mixing terms between T & g have fewer derivatives :

e.g M3H (14 7)%g%° 5 MGH (-7 + 2759°°)

Canonical normalization |::> = 2 1/2 & % OO
(7e ~ Mo(=H)Y %7, 990 ~ M, 690 _Tr(» —I_ 26 HW('()-(](.

pl )

The Goldstone boson 7T decouples from graviton g

at the cnergy scale E >> Enix= &€ 1/2 H.

E >> Emix €= £ <<1 (inflation)
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Mixing terms

S = /,f‘*.,-\/—y{Q.-ngl/f - M3 [3112(1 + 7))+ H(t + n)}
+MZH(t + ) [(1 + 7)%¢%° + 2(1 + 7)g% 0w + ¢' 0;m0;7]
+2,-1124(r + 1) [(1 + 7)2¢%° + 2(1 + #)g%Oim + g om0 + 1}

2

1 : : : : 3
+5 M3 (t + ) (1 4+ 7)2%° + 2(1 + 7)g% 0y + gYOmo;m + 1|7 + - } .
(71= 0 recovers the action in unitary gauge)

Mixing terms between T & g have fewer derivatives :

e.g MZH (14 7)%g%° 5 MGH (-7 + 2759°°)
Canonical normalization = 2 1 2 2 N OO
(e ~ Mp(=H)Y 27, 6920 ~ M%) :> _TT(. + 26 / HW(-()_(](.

The Goldstone boson 7T decouples from graviton g

at the cnergy scale E >> Enix= & 1/2 H.

E>>Enix €= £<<l1 (inflation)
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Decoupling limit

We have only to consider self interaction terms for 7T in DL.

[ ~ A a3
; i | ~ ~ . .~ (O;7)= 1 . : (O;7)= 1 . (O;m)=
;— r4 i 2 2 7l [} f} 2 - 1 4 =2 L 1 )
S [ d*av=g S MR .wmn( = ) + 5 M3 ( B ) M3 ( + 2 = ) .
] ’ 71 ~ S L o . " 5 ) ) \ 4 .
= /ri“w 7 |=M3R - M3H ( (9i) ) + 2M3 ( b3 — | - 2M2#3 4
_2 a< . (1 / 3
. s —Ilr2m 2 2 (.2 _ 2(9im)? V2 T ( (oi7)" )
= [d*zv=3 SMBIR ~ M3 H: ( 3 ) V2 H (s 1) | )

\I2 Fi
VIS H " «—— Coefficient of (8§ g0V )2

® It is manifest which term leads to a non-trivial sound velocity.

® Non-trivial cubic interactions appear for cn <<1,
which leads to large non-Gaussianities.

® Thus, the relation between each term (physics) and
observable quantities is clear in EFT.
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Mixing terms

S = / ,14.,-\/—,,{2315,1.’ - M3 [3112(1 + 7))+ H(t + n)}
+MZH(t + 7) [(1 4 7)%¢%° + 2(1 + 7)g% 07 + " 0;m0;7]
+2;u§(r + 1) [(1 + 7)2¢%° + 2(1 + #)g%0ir + g om0 + 1}

2

1 : : : : 3
+3'.\I§(f +7) [(1 4 7)2g%° + 2(1 + 7)g% 0,7 + g o;mo;m + 1| + - } .
(71= 0 recovers the action in unitary gauge)

Mixing terms between T & g have fewer derivatives :

e.g M3H (14 7)%g%° 5 MGH (-7 + 2759°°)
Canonical normalization = 2 1 2 o % OO
(e ~ Mp( MY 25, 5990 ~ _\]m,\”“} :> _W(» —I_ 26 / Hﬂ_('(\)-q(.

The Goldstone boson 7T decouples from graviton g

at the cnergy scale E >> Enix= &€ 1/2 H.

E >> Emix €= &£ <<1 (inflation)
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Decoupling limit
We have only to consider self interaction terms for 7T in DL.

[ ~ ~ 5\ 3
g | | ~ ~ . .~ oim )« 1 . i oim )< 1 . o;m)=
s = [d*ay=g |SMZR- M3H (~ L), )+ M3 (— + 25 — 97 ) M3 (n— + 2i - 07 ) + - }

=

N
t

‘ P . o [ .a (9;7)3 Wy (5ix)2\ 4 .,
= /r;“‘,v\,- g [5M3R .u[',‘//(:- (“) )+;?‘u;(.'-‘-, ‘ ) - M43 4

(i

. [1_ N [ .o S(0:m)2 [ (9:m)<\
= [d*zv=3 SMZR - M3 H ( 2L97) ) M2 H (. 1) | |

a=

V2 H
V5 H ‘ —— Coefficient of (& g0V )2

® It is manifest which term leads to a non-trivial sound velocity.

® Non-trivial cubic interactions appear for cn <<1,
which leads to large non-Gaussianities.

® Thus, the relation between each term (physics) and
observable quantities is clear in EFT.
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Expanding around FLRW background 11

. 1 : g
S = / d*z\/—g hmg,ﬁ + M3 H(t)g%° — M5 (3H?(t) + H(t))
+F(2)+(3)+"' ((5.‘}00. OK v, 0 Rpwpo, 58- Juv, il Vi, t” '

V(2 gt a2 /- 00\3
/.-[. J4=(3 )4 — = \/51(/) [r)”U )) + )‘\}r:)l(f) t "’_‘[UHJ
,-)‘ ] {»'/ { \‘;: ,3’ 2 ( \ﬂ “f' > : L \.-" \;.'

e P .

This is the most general action in unitary gauge (V¢(t.x) = 0),
which satisfies the time-dependent spatial diffeo. invariance.

Note, however, that time diffeo. :
t—t=1t+ EO(;I:). x — ax 1s broken.
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Decoupling limit
We have only to consider self interaction terms for 7T in DL.

[ 5 5\ 3
. Amity] i | ~ ~ . - oim )< 1 . i om )< 1 . o;m)=
s = [day=g |SMIR- MAH (~ o Lo )+ M3 (— + 25 — 97 ) M3 (— + 2i - 07 ) + - }

=

N
t

PR " (. ()2 i Bney 4 .
— /rid‘l'v' q 2.'”"“ ,1!’[',‘H(f.“ ( ‘1) )+.?\]T(“ I 4 I| . \ S }

a=

I T . nf.n A(8;7)2 N ,. (9:7)2)
= /ri‘l‘r\,f q 2.‘.[‘[.’ .U[]H:f(:* Co = ) VIS H (o 1) | : |

a-

Vi< H
VIS H 3 «—— Coefficient of (& g0V )2

® It is manifest which term leads to a non-trivial sound velocity.

® Non-trivial cubic interactions appear for cn <<1,
which leads to large non-Gaussianities.

® Thus, the relation between each term (physics) and
observable quantities is clear in EFT.
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Relation between T and &

Flat gauge : Unitary gauge ( 1=0) :

dl* = a®(t)d;;dz'da?,  diI? = a2(t)(1 + 2¢)0;jda'dar.

—> B ) — 2(D)(1 — 2H7)

gauge transformation
U r )} —— e .
() = m(x)

t —t =t+ %),

m(z) — 7(F(2)) = n(z) — ().

) ( = —H7W

We can easily evaluate observable quantities like powerspectrum.
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Pirsa: 13030096

Strategy of effective field theory inflation

Action in unitary gauge,
which respects time dependent spatial diffeo.

@ Stuckelberg trick

Action for Goldstone boson T

ﬂ Decoupling limit

Simplified action without mixing with g

@ Relation between T & ¢&
(¢ ~-H n)

Easy calculations for powerspectrum & bispectrum for £
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Etfective field theory approach to
quasi-single field inflation
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Action In unitary gauge (multi field case)

(See also Senatore & Zaldarriaga 2010)

D.O.F = three physical modes of graviton
(adiabatic mode and tensor modes)
+ additional scalar field O
(1socurvature mode)

® Action in unitary gauge :

S = / (14"“\/ _UF(.(]IW- 9uv, K,uu- R;wpa. a, \7',;. (58 f)

® Expanding around FLRW background :

S

/ d*z\/—g [21\1[3'1? + M3 H(t)g%° — MZ(3H?(t) + H(t))
+f‘1(2)+(3)+ ((S(}OO (S[\-!H;. (5[?!”);)(7. ‘ol (52 Guv, _(]“”. v“ f)]

= Sgrav + So + Smix-

We can construct a completely general action for multiple field case.
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Action In unitary gauge (multi field case)
(See also Senatore & Zaldarriaga 2010)
D.O.F = three physical modes of graviton
(adiabatic mode and tensor modes)
+ additional scalar field O
(1socurvature mode)

® Action in unitary gauge :

S = / (14”"\/ _.VF(.(IIW- Juv, K,uu- R;zupa. a. \7',;. (52 t)

® Expanding around FLRW background :

1

S = / d*z\/—g [21\1[3'1? + M3 H(t)g%° — M5 (3H?(t) + H(t))

+F(2)+(3)+m ((SUOO- ‘S[\-;m- 5”1:1};)0- a, (7,0; Juv, .‘1““- V!,. f)]

= Sgrav + So + Smix-

We can construct a completely general action for multiple field case.
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Action up to the second order

S = / d*z/—g bfug,ﬁ + M3 H(t)g%° — MG (3H?(t) + H(t))

+F(2)+(3)+ ((l"qoo ()‘[\—;”/. (iR[HfIJfT- a, (‘;E ‘(},”l. .'(IJ”/- v“‘ f)]

= Sgrav + So + Smix-
(

- 1 : : 1 e 2
Sgray = / d*z/—g {2‘115,1; + M2 H(t)g%° — M3(3H?(t) + H(t)) + 2.\15‘(;) (9°°)

|

Stuckelberg trick
&
Decoupling limit

~> ) — 1 ] ~ ~ . ~ “)J‘.T 2
Sray = / d*zv/=yg [2-”&” .ukn,-._:~(-~ 2(9im)

2 * — M2H(cz2% - 1) ( L Gk ) + ‘

The origins of a non-trivial sound velocity and large non-G are clear.
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Action up to the second order 111

2 ‘ Y Y s 1o M
Hl(ﬁ-iz( = / .r/4.1'\f - {“fl(f)f‘llqooﬂ’ + .fz(!)ﬁlr,loof'foﬂ‘ —+- .‘l'3(.’)r\ I\';rfr"r]
— / d*z\/=g {jl(r)fs,,o% + B2()8g°%0% + B3(1)d% — (B3(t) + 3H(t)B3(t)) rr]

(Typically, d K terms contain more derivatives and
hence can be neglected. But, this term can survive.)

Stuckelberg trick & Decoupling limit

(2) — [ 44543 3.\4 o 0;w0;0
Smix = /" Ta [(—2& + B3)7o + (282 — B3)76 + B3 —
= o 2 n 8:18: 0 B .
;: ( ’:: ‘7 ( | -\) o + 3 ;-ﬁ 1:; h"’ :) ;:‘ ’:: Ii ji ;_ﬁ( : -7) f" + I
- f (1“ (1°

We have mixing terms between T & O coming from S s,
which can cause large non-Gaussianities for 71 (<).
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Correspondence to the original model of quasi-single field inflation
: 4 1 2 Vg ¢ 1 J ¢ ’ ,
Smatter = /" LTy/ _:‘l[ - 2(” +0)%g ‘);:“f}rf” ” 2.‘! ooy — Vsr(0) — | (”)]
VROV > O H <),

Background solutions : 0q(t), og(t) = 0.

In unitary gauge : 06 = ¢ — 0y = O.

(Credit: Chen & Wang)

. 1 . Ly . K
:> Smatter = / d*zv/=g| - S(R+ 0)2¢%062 - 59" 0ua By0 — Ver(6o) — | ()]
N 1= 1 1 o
= / ff4.1‘\/'f_r;{ — 2]1’208 ‘r[OO — (Var(8p) + V(0)) — 2”‘”',‘}’,01')1,0' — 2(\”(0) - H'd)rr"
' - i (1) PR N
—Hﬂa r‘i_r;oon — 30 rT3 — 2(!6 r‘;goon‘ + (_’7((74)] .
(By use of the background EONMIs, this can be rewritten in terms of H.)
; s 5 T L 1, 2M3 . H\ ,
Smatter = / d*x/—g|M3,Hg®° — M3,(3H? + H) 9" o dyo 2(\ "(0) + PF:' )2
. - I._

2M3H _ oo V"(0) 3 , M3 H
O (
T 9 7S

., 2ME& H 2M3 H by VIS H
|:> a 1, a3z = V"(0) 4 : : ‘ v"(0), 7 (others) =0
R R 3 R

Our framework can easily accommodate the original model.

19°%02 + 0(50%)] .
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Correspondence to the original model of quasi-single field inflation
: 4 1 2 v ¢ 1 JL ¢ ’ ,
Smatter = / d z\/—g[ - 2(/\’ + 0)“g oLl — 2;; ooy — Vsr(0) — V(o)].
V' (cn = 0) > O(H*).

Background solutions : 0q(t), og(t) = 0.

In unitary gauge : 06 = ¢ — 0y = 0.

(Credit: Chen & Wang)

: 1 . [ , -
\:> Smatter = / ,14_,-\/7,,{ E 2(!1’ + r‘r)zyooﬂg - 2_;,“‘ Opo Oyo — Vsr(bp) — | (n)]
b Ty 1 1 B -
- /.-14.1‘\/7;;{ - 2!1’208 g% — (Vsr(6g) + V(0)) — 2;/‘”':‘}“(”')1,0 — 2(\'”(0) - H'@)rr"
' 5 v 1.4 .
- R Ha r‘ir;oon - (O)r‘r3 — (!6 r‘iqoon' + (.'7((74)] X
' 3! 2 '
(By use of the background EONMIs, this can be rewritten in terms of H.)
- L R 5 e, R 1, 2M3 H\ ,
Smattar = / d*x/—g|M3,Hg®° — M3,(3H? + H) 9" o dy0 2(\ "(0) <+ ff?,' )2
. - & I-_
2M3 F g s . M3F 5
+ IIF"” 8¢9 ‘ (rO)ﬂ, + [!F’,',” 69992 + O(.irrd)‘ ,
T g 3! 1= ;

., 2M& H 2M3 H e VIS H
|:> O 1. cra V7(0) 4 : ’ V7(0) 0, ( others) 0
£ £ 3! -

Our framework can easily accommodate the original model.
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Effects of heavy particles

Simple example :

: 1 . : 1 2 ,
S = /;/4.,-\/—,, [2.113,11’ + M3,Hg% — M3(3H2 4+ H) - 59" 00 B0 ”:‘2 o2 +
m : mass of O
B : mixing between adiabatic mode and O
For m >> H, the Kinetic term of O is irrelevant.
> T i - ~ - m? B . ao.» 32 >
- s~ /.14_.-\/—,,{ M3 R+ M3 Hg% — M3 (3H? + H) (0 — -5499)2 + ﬁ(,»,,“”y] |
- 2 2 m< 2m=

0 can quickly responds to the variation of the adiabatic mode & g00,

|:> S == / (/4..*'\/—;;
Integration '
out of o

V&S
Modify sound velocity, L <
:> : : Vi< H 4 © +«— Coefficient of ( & g"" )2

.

1 . . aih = 2
2;\1}%'1{' + M3, Hg®® — M3,(3H? + H) + sz(a,,wrl .
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Etfects of heavy particles
Simple example :
: ' 4 Lo 2 77,00 2 2 4 g E wn m< o
S = /;l N —g [QIUPIH + M§Hg"~" — M5(3H + H) — 2”’ Ouo o — 5 o< <+

m : mass of O

B : mixing between adiabatic mode and O

For m >> H, the Kkinetic term of O is irrelevant.

i 1 ; . m= o b S (3= "
l:> S ~ / d*xv/—g L.Ugh’-}— M3 Hg% — M3,(3H? + H) —(o ~5999)2 + ﬁ(,»,,“”y] ‘

4 n= LTh*

0 can quickly responds to the variation of the adiabatic mode & g00,

|:> S = / (/4..*'\/—;;
Integration '
out of o

“. a‘ f
Modify sound velocity, m——— .
:> : : V< H 4 © +«— Coefficient of (0 g"" )2

2

1 ’ . ai.— - 2
2;\1,?,'1? + M3,Hg%° — M3,(3H? + H) + 2,”3(””00)1 .
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Powerspectrum
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Almost constant turn case :

Assumption: time dependence of €, €, g, Co, Mo is negligible.

1 : 1
up = (1 + icxhr)e " = (1 - iz)e'®,

:\:: 2Mpel/2(crk)3/2 2Mp et/ 2(erk)3/2
$ s - ﬁf{ 2/ s - ".fl’[.{ 2/
o = i _}_.ﬂ—+—‘1.‘v‘ ( T)J"'_ffrf,l}( i_’“r._‘__) - L —+—‘1. vV =z
20, :_)rbq(('--}'-‘)“'-""

(T=-1/(aH) : conformal time, x=-cnk7T, rs=co/cn)

t) (f = )) 1) -‘I O >’
v =\ for meg < =H, v=i\—=2 for mgy >
Y 4 H - 2 V H - 4 2
2 3+(3) 272,
1::> (Ce(t)Q(t)) = H(m(t) mpr(t)) = (2m)76% (k + k') 3 Pc(k)
P (k) = —o—(1+C).
¢(k) 8:~.\15,..-.,( )
C (2L.Cyy + B3Coo + A2Cas + 22 BoCro + 22 F3Cya + ( )
asMs (—H) \ H- H H

f

Cij is an integration of Hv.
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Cij for fixed rs=co/cn

Ciy (
m, /| H my /| H
Note that all C’s
‘ - vanish in the heavy
| -
mass limit.
m./ H me /| H
Cia (
T {{ m !! .

The dots are numerical results for rs=0.1 (red), 0.3 (orange), 1 (vellow), 3 (green), and 10 (blue).
The curves are analvtic results for rs=1, which well coincide with the numerical results.
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Summary

® We have constructed the most generic action in the unitary

gauge for multiple field inflation.

® Taking decoupling limit is justified for adequate slow-roll

parameters and makes it clear.

® In the constant turning case, we have calculated the power
spectrum of scalar perturbations numerically for general
values of rs=co/ ¢ and analytically for rs=1.

® Squeezed limit of bispectrum for each interaction
term is estimated, which is useful for discriminating

quasi-single field models and single field models.
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